Indomethacin is a non-steroidal anti-inflammatory drug that causes gastric ulceration 14 and increased 'leakiness' in rat models, and is used routinely as an assay to screen 15 novel compounds for repair and restitution properties. We set out to establish 16 conditions for indomethacin-induced gut damage in wax-moth (Galleria mellonella) 17 larvae with a view to reducing the need for rodents in such experimentation. We 18 administered indomethacin (1 -7.5 µg/larva) to G. mellonella via intrahaemocoelic 19 injection and gavage (force-feeding) and monitored larval survival and development, 20 blood cell (haemocyte) numbers, and changes in gut permeability. Increased levels 21 of gut leakiness were observed within the first 4 to 24-hours by tracking fluorescent 22 microspheres in the faeces and haemolymph (blood equivalent 
Introduction

35
When considering more carefully our use of vertebrates in experimentation, there is 36 constant need to develop alternative model systems in vitro, in vivo or in silico. One 37 such in vivo alternative is the larvae of the greater wax-moth, Galleria mellonella. From mouth to rectum, the digestive system of lepidopteran larvae (like G. 54 mellonella) consists of three distinct regions: the foregut (stomatodaeum), midgut 55 (mesenteron) and hindgut (proctodaeum) (Engel and Moran, 2013; Linser and 56 Dinglasan, 2014). The midgut is the primary site of digestion and absorption in many 57 insects; it lacks the exoskeletal/chitin lining seen in the fore-and hind-guts. The 58 basic tissue architecture of the midgut is similar to those found in the human 59 intestine, such as epithelial arrangements of columnar cells and smooth septate 60 junctions that control permeability -analogous to tight junctions (Green et al., 1980) . 61
The insect peritrophic matrix is the functional equivalent to the mammalian mucus 62 layer, which acts as a barrier for the epithelial cells and impedes pathogen 63 movement into the body cavity (i.e., the haemocoel) (Campbell et al., 2008; Kuraishi 64 et al., 2011) . Moreover, some microbial communities characterised in the midgut of 65 G. mellonella are similar to those found in crypts of the human intestine (Mukherjee 66 et al., 2013b) . 67 considered dead when the cytoplasm stained positively for trypan-blue (Strober, 130 2015 
Gut permeability assessments 166
Fluorescently tagged, carboxylate-modified latex microspheres (1 x10 6 ) of 0.5 µm, 1 167 µm, 2 µm and 6 µm in diameter were resuspended in 10 µL PBS (control) or 10 µL 168 indomethacin solution (1 or 7.5 µg dose) in order to form co-inoculates (thereby 169 avoiding piercing an insect twice). Larvae were force-fed 10 µL of each co-inoculate 170 and incubated at 30 o C until haemolymph and faeces were collected from each 171 treatment group at 4, 24, 48 and 72 hours. Faeces were homogenised in 1 ml PBS 172 pH 7.4. The number of microspheres in the haemolymph/faeces were enumerated 173 using a fluorescent microscope (Olympus Bx43f). 174
Histopathology of the insect alimentary canal 175
Larvae force-fed indomethacin (7.5 µg per insect) or PBS (negative control) were 176 sacrificed at 4, 24, 48 and 72 hours post-inoculation by intrahaemocoelic injection of 177 100 µL 10% buffered formalin, immediately prior to submersion in the same solution 178 for 24 hours. Larvae were cut into 3 sections, head, middle and posterior (anus), and 179 stored in 70% ethanol prior to wax embedding. Briefly, each sample was dehydrated 180 using an ethanol series, 70%, 80% and 90% for one hour each, followed by 3x 1 181 hour 100% ethanol washes. Dehydrated samples were washed twice in HistoClear 182 or HistoChoice (Sigma Aldrich) for 1 hour each to remove any remaining fixative. 183
Samples were resuspended in 50:50 HistoChoice : parafin wax for 1 hour prior to 184 complete wax embedding. Embedded samples were cut into ~ 6 µm sections using a 185 microtome, adhered to glass slides with egg albumin solution (~1% w/v), and dried 186 for 24 hours before staining. Loaded slides were stained using Cole's hematoxylin 187 and eosin (see Supp. Materials/Materials for further details). survival studies were analysed using the log-rank (Mantel-Cox) test for comparing 216 curves, whereas larval pupation levels, total haemocyte counts, cell deaths, and 217 faecal/haemolymph micropshere loads were analysed using 2-or 3-way ANOVA 218 with Tukey's multiple comparison tests in GraphPad Prism v7. A Pearson's 219
Correlation test was employed to assess the relationship between microsphere size 220 (0.5 -6 µm) and their presence in the haemolymph of control larvae. Enzyme 221 assays, GST and SOD, were analysed in 'R' studio using General Liner Hypotheses 222 (ghlt). In all cases, differences were considered significant when P < 0.05. 223
Histology slides were single-blind assessed using paired treatment (n = 13) and 224 control (n = 13) samples from 4 to 72 hours. A grading system (1 -4) was used to 225 to the control, 10-14 x10 4 (Figure 5a) . Notably, the presence of microspheres in the 309 haemolymph was recognised by phagocytic haemocytes and subsequently 310 internalised (Supp. Figure 1) . Independent of microsphere size, indomethacin 311 exacerbated gut leakiness by 1.4 to 3-fold: 6 µm (F(2, 24) = 5.801, P = 0.0042), 2 312 µm (F(2, 24) = 11.04, P < 0.0001), 1 µm (F(2, 24) = 21.48, P < 0.0001), and 0.5 µm 313 (F(2, 24) = 22.75, P < 0.0001), and accounted for 9-30% of the variation in 314 haemolymph loads. In contrast, time accounted for the majority of variation, 25-51%, 315 in faecal microsphere loads: 6 µm (F(3, 24) = 17.38, P < 0.0001), 2 µm (F(3, 24) = 316 3.57, P = 0.0288), 1 µm (F(3, 24) = 3.94, P = 0.0204), and 0.5 µm (F(3, 24) = 8.378, 317 P = 0.0006). 318
Overall, significantly fewer 0.5 µm spheres made their way into the faeces within 24 319 hours and beyond (Figure 5d ). This is likely due to the small size enabling movement 320 across the gut barrier, and, those that remain within the midgut may get caught-up in 321 tissue folds (Supp. Figure 2) , thereby delaying passage through the hindgut/rectum. 322
By analysing the control data (absent indomethacin) across the 72-hour period 323 (Supp. partial/complete displacement of the gut lining into the lumen, cellular debris (or 343 potential apoptotic bodies), membrane blistering/blebbing, nuclear condensation 344 (pyknosis) and fragmentation (karyhorrhexis) (Figures 6 and 7) . By 72 hours, the 345 majority of slides were graded 1 and 2 (Supp. Figure 4) , which suggests the tissue is 346 being repaired. 
Discussion
365
We assessed the relative toxicity of indomethacin in insect larvae via gavage (force-366 feeding) and intrahaemocoelic injection across a concentration range relevant to 367 rodent models, 2-30 mg/kg (0.5-7.5 µg/larva), and found negligible side effects in 368 terms of survival, development or immune cytotoxicity (Figures 1-3) . When force-369 fed, larvae displayed broad symptoms of injury to the alimentary canal (Figures 5-8) , 370 e.g., a 3-fold increase in gut permeability and tissue degradation. We present 371 considerable evidence that the integrity of the midgut is compromised by 372 indomethacin within 4 to 24 hours, causing sufficient damage to activate 373 Furthermore, despite wax-moth larvae being used widespread as a screening tool for 411 novel therapeutics, pathogenicity, and toxicology (reviewed by Tsai et al., 2016) , 412 there remains a historical lag in molecular resources with the exception of some 413 transcriptomic and miRNA data (Vogel et al., 2011; Mukherjee and Vilcinskas, 2014) . 414
The financial and ethical incentives for using insect larvae over rodents and 415 zebrafish are attractive, and so, we propose that vertebrates could be replaced 416 partially for gut pathobiology. Waxmoth larvae are larger than traditional models like 417 nematodes and drosophilids -this has two distinct advatages: (1) accurate doses 418 can be administered orally (force-feeding), and (2) (e.g., apolipophorin III) and mice (e.g., Cd14). Interestingly, oral exposure of G. 440 mellonella larvae to caffeine led to elevated levels of theobromine and theophylline in 441 the haemolymph -suggesting that caffeine metabolism in this insect is similar to the 442 process in mammals (Maguire et al., 2017) . intrahaemocoelic injection (a) or force feeding (b), and were maintaned subsequently 698 in darkness at 30°C for 3 days. Total haemocyte counts were performed, and 699 haemocyte viability was determined using the trypan blue exclusion assay (dead cell 700
